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T H E 

PHYSICAL REVIEW. 

THE EVOLUTION OF HYDROGEN FROM THE 

CATHODE AND ITS ABSORPTION BY 

THE ANODE IN GASES.1 

BY CLARENCE A. SKINNER. 

WHILE making an experimental study of the cathode fall of 
various metals in helium it was observed that no matter how 

carefully the gas was purified the hydrogen radiation, tested spec-
troscopically, persistently appeared in the cathode glow. Simulta
neous with this appearance there was also a continuous increase in 
the gas pressure with time of discharge. This change in gas 
pressure was remarkable because of its being much greater than 
that which had been observed under the same conditions with either 
nitrogen, oxygen, or hydrogen. 

Now the variation in the cathode fall with current density and 
with gas pressure in helium was found to be so like that obtained 
earlier with hydrogen2 that it appeared necessary to maintain the 
helium free of the latter in order to make sure that the hydrogen 
present was not the factor causing this similarity in the results. 
Futile endeavors to attain this condition led to the present investi
gation, which locates the source of the hydrogen in the cathode', shows 
that the quantity of hydrogen evolved by a fresh cathode obeys Fara
day's law for electrolytes, and that a fresh anode absorbs hydrogen 
according to the same law. 

1 Read in part before the Am. Phys. Soc. at Philadelphia, December,1904. 
2Phil. Mag., September, 1904. 
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PREPARATION AND APPARATUS. 

Helium was obtained by heating dry clevite. The gases thus 

generated stood for some time in tubes containing respectively 

crushed potassium hydrate and phosphorus pentoxide. From these 

it was passed into a final purifying chamber consisting of a discharge 

tube possessing for a cathode an alloy of sodium and potassium, 

which according to Mey 1 absorbs nitrogen, oxygen, and hydrogen 

leaving only argon as an impurity in the helium. From this 

chamber the gas was passed at will into the regular discharge tube 

containing as electrodes the metals to be tested. 

Fig. i represents a vertical section of this discharge tube ending 

below in a larger cylindrical chamber (axis vertical), the whole of 

glass construction. Ten elec

trodes E (circular disks i 5 mm. 

in diameter) were attached to the 

face of a circular glass plate at 

equal intervals by hard rubber 

caps K (see also plan in Fig. 2). 

This glass plate, mounted in the 

cylindrical chamber, could be 

rotated about its axis by the key 

introduced through the ground 

joint y, and by this means any 

electrode brought into position 

at the lower end of the discharge-

tube. A hard-rubber disk D, 

studded with brass rivets C and 

fixed to the circular plate, served 

to complete the electric circuit 

from i 7 through the metal collar 

and attached spring-brush B to 

the tinfoil strip leading to its 

corresponding electrode E. By Figs. 1 and 2. 

this device all electrodes, with the exception of the one in use, 

were isolated from the circuit. To confine the discharge solely to 

the face of the electrode, a second circular glass plate properly cut 
XK. Mey, Ann. d. Physik (4) 11, p. 127. 
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was pressed closely on top of the first, covering the tinfoil strips and 

fitting the rim of the electrodes. Leakage from the brush B to the 

gas was avoided by reducing the space between the upper face of 

the electrode-plate and the roof of the chamber to about .5 mm. 

thickness. The discharge-tube was 3 cm. in diameter and about 20 

cm. long. All permanent joints of this apparatus which could not 

be fused were cemented first with water-glass (sodium silicate), then, 

in addition, they were covered on the outside with de Khot insky 's 

laboratory cement. The base-plate Ay which had to be removed to 

allow for repolishing the electrodes, was sealed by simply applying 

the latter cement on the outside of the juncture, care being taken 

that it did not extend to the inner part. This tube proved to be in 

ail cases absolutely airtight. 

In connection with this discharge-tube which will be designated 

as the electrode-tube, was a second Na,K purifying chamber which 

usually remained in open connection with the electrode-tube so that 

impurities in the gas filling could be absorbed by simply passing 

a current from the Na,K as cathode. This allowed also a careful 

test to be made for any absorption of helium during the operations. 

Customary precautions against the presence of moisture were 

taken. The system on first evacuation remained open to P 2 0 5 as 

dryer at least twenty-four hours, but after that time during all qnan-

titative tests the drying chamber was cut off by a stop cock. A n y 

moisture appearing, however, would have been wholly removed by 

the purifying discharge. 

Stop cocks and ground joints were lubricated with a mixture of 

vaseline, rubber and parafifine recommended by Travers * as being 

free of hydrocarbons. 

A McLeod gauge served to measure the gas pressure, magnify

ing it one hundred times. 

The electric current was furnished by a battery of small accumu

lators and measured by a Weston milliammeter. 

HYDROGEN IS EVOLVED SOLELY FROM THE CATHODE. 

Out of various experiments the following are given as represen

tative of the results obtained. 
1 The Experimental Study of Gases. 
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Helium was prepared and purified and described above. A 
spectroscopic observation of the discharge in the first Na,K cham
ber revealed only the lines of helium and argon. 

Electrodes of ten different metals having been polished and 
mounted in the electrode-tube, this with the second Na,K tube 
and connected chambers was evacuated and left over night open to 
the P205 drying chamber. The evacuation was carried the next 
day to about one thousandth of a millimeter after which the drying 
chamber with pump was cut off from the rest of the system. 

Helium was then admitted to the electrode tube and connecting 
chambers at a pressure of about three millimeters of mercury. In 
order to remove the last trace of foreign gases a discharge was 
passed for some time through the second Na,K tube. The pres
sure of the gas under this discharge remained unchanged, showing 
that the spectroscopic test made in the first Na,K tube was relia
ble. 

An electric current of 2 ma. was now passed from one of the 
electrodos E (Figs. 1 and 2) as cathode and immediately the spec
trum of hydrogen appeared in the cathode glow.1 The gas pres
sure also increased continuously with the time the current was 
maintained. After running about three quarters of an hour the rate 
of evolution of gas became very small. This extra gas evolved 
(for silver about .2 c.c. at atmospheric pressure) could be absorbed 
by the Na,K discharge in about an hour.2 If at the end of this 
time a current was passed through the tube as before the gas pres
sure began to increase as at first, but dropped within a very short 
time to a low rate of evolution. If now at this point a new metal 
were used as cathode there took place as usual a continuous in
crease in gas pressure — the rate of evolution of gas being the same 
for all fresh cathodes. This experiment repeated at various times 
and with different metals showed beyond doubt that the source of 
gas was solely in the cathode. 

Sixteen different kinds of metals have been tested as cathodes 
1 No trace of the hydrogen spectrum appears at any other part of the discharge. The 

helium radiation itself is obliterated by the argon in the positive column. See Nutting, 
Bureau of Standards Bulletin, Vol. I, No. 1. 

2 It was always observed that under this purifying discharge the gas pressure returned 
to, but never went below, its original value — this showing very definitely that helium 
did not disappear from the gas filling during any of the operations. 
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and all except two found to give off hydrogen at a measurable rate. 

The exceptions were the Na,K alloy which as cathode absorbs 

hydrogen, and mercury which was distilled in vacuo, then tested 

without having been in the meantime exposed to the atmosphere. 

While studying previously the electrode fall in nitrogen, oxygen 

and hydrogen the gas pressure was found to change very differ

ently with the different gases. Nitrogen increases slowly with the 

time the current has been passing ; oxygen, open to a drying cham

ber, decreases at a marked rate ; while hydrogen was seldom found 

to change appreciably, though there were occasions where a slight 

increase was recorded even with hydrogen. If now hydrogen is 

liberated from the cathode in all gases we should expect in nitro

gen an increase in gas pressure arising from the formation of am

monia, which takes place when a discharge passes through a mix

ture of nitrogen and hydrogen. In this case the rate of increase in 

gas pressure, compared with that in helium, is small since six 

atoms of hydrogen would be required to change one molecule of 

nitrogen into two molecules of ammonia, while in chemically inac

tive helium one new molecule of gas is formed from two atoms of 

hydrogen. Likewise with oxygen water vapor would be formed 

and absorbed by the dryer, in which case four atoms of hydrogen 

would cause a decrease of one molecule in the gas filling. Of 

vital interest therefore must be the fact that in hydrogen there is 

practically no change in the gas pressure when a current passes 

through it. Experiments described below indicate that in this case 

the anode absorbs at the same rate as the cathode evolves the 

hydrogen. Hence we conclude that in all gases hydrogen is 

evolved from the cathode. 

It is rather remarkable that other gases are not present to an ap

preciable extent. Only in a few cases and that on first usage after 

polishing has a trace of nitrogen also been observed. Aluminium 

and tin were noted as giving off a trace of nitrogen. 

T H E M E T A L RECOVERS A SUPPLY OF HYDROGEN BY DIFFUSION 

FROM W I T H I N . 

An endeavor was made to deplete the metals of their supply of 

hydrogen by passing from them as cathode a current for a sufficient 
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length of time, but it was soon found that they recovered more or 
less rapidly from their apparently depleted condition. Silver which 
exhibits this property of recovery to a high degree happened to be 
the first metal tried and it was so persistent in regaining its original 
store that other metals have received comparatively slight attention 
though all have been observed to possess within themselves the 
property of recovering to a certain degree their ability to give off 
hydrogen. 

With a freshly polished metal as cathode the gas pressure in
creases at first at a constant rate, but after a time this rate begins to 
drop off until the pressure appears to have reached a constant 
maximum value. Silver was depleted in this way giving off about 
two tenths of a cubic centimeter (measured at atmospheric pressure) 
of hydrogen. The current was then broken and the hydrogen ab
sorbed by the Na,K cathode. After standing in the helium over 
night then tested again the next morning it was found to have a 
new supply equal to the one given up the day before. Without 
allowing it any chance of regaining hydrogen from an external 
source it was thus depleted six or eight times during the course of 
two weeks and found to give off at each time about the same 
amount of gas. With an hour's rest only a slight recovery was 
noticed.1 

After this series the silver was removed from the tube, repolished, 
then tested again with the same results. Altogether about two 
cubic centimeters of gas have been given off by this silver disk, 
which is 15 mm. in diameter and about one millimeter thick. It 
shows no sign of having its supply of hydrogen reduced in the 
least. There are other metals of which cadmium is an example 
which seem to possess more of a surface charge of hydrogen. This 
metal, however, seems to reach an apparently depleted condition 
before the hydrogen it really possesses (measured by vaporizing the 
surface) is half gone.2 

1 H . A. Wilson has observed a similar recovery in case of the escape of negative elec
tricity from hot platinum. Phil. Trans. , 202, p. 243, 1903. 

2 A single experiment was performed in which the surface of a cadmium cathode was 
vaporized by an extra large current. The cathode gave off about one third of a cubic 
centimeter of gas with the first vaporization. With a second an inappreciable quantity 
was freed as if its supply had been exhausted. 
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Just what takes place, therefore, causing the metal to appear de

pleted is not clear. Undoubtedly the tarnish which appears on the 

surface of all metals as cathode plays a part in decreasing the dif

fusion of hydrogen outward from metal into gas. It is natural to 

suppose that with this present, the hydrogen after discharging to 

the positive gas ion which has penetrated this film, diffuses more 

readily back into the metal than outward through the film. Thus 

it has been noted that those metals, like silver, which tend to keep 

clean by the process of dusting off onto surrounding bodies will 

completely recover with rest, while aluminium for example, which 

under first usage gives off hydrogen with remarkable freedom, but 

which does not dust off appreciably, recovers but slightly after its 

surface becomes once tarnished. 

All metals are renewed by being repolished, but whether this 

arises wholly from cleaning the surface of the metal or partly also 

from exposure to the moist atmosphere remains undecided. The 

kind of polish used does not seem to affect the results. 

This question of depletion is considered again in connection with 

the experiments on steel cathodes differing greatly in discharge area. 

T E S T E D AT Low PRESSURES T H E METALS DO NOT ABSORB 

HYDROGEN IN THE MOLECULAR STATE. 

It is of first importance to know under what conditions the metals 

gain their store of hydrogen. The metallurgical processes may 

account for it in many cases but it is questionable if all metals 

would retain the gas to such a concentration through the processes 

of fusion to which they are subjected. 

Platinum is a well-known representative of metals which, with 

evolution of heat, absorb hydrogen in large quantities — giving it 

up again as the temperature is raised. Now it may be possible that 

the other metals also absorb hydrogen in relatively smaller quanti

ties. The apparatus as it stood allowed a delicate test to be made 

at low gas pressures. Hydrogen was driven out of the different 

metals in the electrode tube to a pressure of about one half milli

meter in three millimeters of helium. This was left standing in the 

tube over night. The next day the gas pressure was found un

changed. The quantity of hydrogen reabsorbed by the metals was 

less than one twentieth part of the amount the silver alone recovered 
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in that time. This experiment shows that the hydrogen in the 
molecular state is not at such low pressures absorbed by the metals. 
It is, however, by no means conclusive, for, from a thermodynamic 
standpoint we should expect absorption to take place with the pres
sure sufficiently great. 

The indications are that in the metal the hydrogen exists in the 
atomic state rather than in the molecular. It is probable, therefore, 
that hydrogen in the atomic state would be readily absorbed by the 
metals while no appreciable amount is taken up if the gas be in the 
molecular state. Some metals, such as platinum and palladium, 
appear able to dissociate and absorb large quantities of hydrogen. 
Any dissociating agent such as water might, therefore, render 
hydrogen in a form readily absorbed by all metals. 

THE QUANTITY OF HYDROGEN EVOLVED FROM THE CATHODE 

OBEYS FARADAY'S LAW. 

Measurements were made of the rate of evolution of hydrogen 
from cathodes of various metals. This was obtained by first 
determining the space occupied by the gas (620 c.c.) and then 
from the increase in gas pressure calculating the quantity of hydro
gen given off. Ten electrodes could be tested without opening the 
tube or even changing the gas filling. The metals were freshly 
polished and introduced into the tube which was immediately 
evacuated and left standing open to the drying chamber over night. 
The next day after continued evacuation the drying chamber and 
pump were cut off and helium admitted at the desired pressure. 
Before passing a current through the electrode tube a purifying dis
charge was passed through the Na,K tube to assure the removal 
of any trace of foreign gases. After testing one metal the gas 
evolved was absorbed by the purifying discharge, then another metal 
immediately tested. With the exception, therefore, of the lapse of 
time all metals were tested under identical conditions. 

Results with a current of 2 ma. in helium at 3 mm. pressure are 
represented by points in Figs. 3--14, in which the ordinate of each 
point represents the increase in gas pressure while the correspond
ing abscissa represents the time the current had been flowing. The 
diagonal line F in each figure shows the calculated increase in gas 
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pressure if Faraday's law for electrolytes should govern the evolu
tion. All metals show that the hydrogen is liberated for a time at 
a rate sufficient to carry, as negatively charged atoms, the whole 
current between cathode and gas. After a lapse of time, varying 
in magnitude with the kind of metal used, the rate of evolution 
drops below that required by Faraday's law. The tendency is gen
eral for the metals to give off in the first minute a quantity greater 
than that necessary. This extra pressure does not arise from heat
ing nor from dissociation of the gas under the current, for these 
effects were found too small to be observable. It is probable that 
the current on " making" the circuit is extra large, but of such short 
duration as not to be revealed by the ammeter. Experiments with 
hydrogen described below show that it cannot arise from neutral 
gases freed from the electrode and chamber walls. 

Other tests made with helium, down to a pressure of one milli
meter, and also with currents varying from one to three milliamperes 
corroborated this law, though experimental conditions were not so 
favorable for making reliable measurements. For with larger cur
rents pressure observations could not be read rapidly enough, and 
at lower gas pressures the Na,K cathode does not absorb the last 
trace of hydrogen so that the assurance was lacking that a disturb
ing quantity of hydrogen was not already present. The experiments 
were extended, however, to test the effect of a greatly varied current 
density at the cathode. The current density in the experiments de-
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scribed above was about six times the normal, or minimum, value 
for helium at that pressure. Another experiment was performed 
using a steel wire (diam. 3 mm.) as cathode. With a current of 2 
ma. and pressure of helium 3 mm. the normal discharge area was 
10 sq. cm. The pressure change with this cathode is given by the 
crosses in Fig. 6 ; while that observed with a steel disk (discharge 
area, 1.7 sq. cm.) is represented by circles. The two sets of results 
are practically identical over the whole range. Evidently the de
viation from Faraday's law, being the same with both cathodes, can
not be ascribed simply to exhaustion of the store of hydrogen, for 
in that case the wire should have kept up about six times as long 
as the disk. If, on the other hand, it be ascribed to tarnish alone, 
this must take place at a rate which is the same for greatly different 
current densities. Another possible factor is the absorption of hy
drogen by the anode, but since the quantity here makes up less than 
one per cent, of the gas filling anode absorption could not be ex
pected to play an appreciable part. The difference in results from 
the different metals also precludes this as a possible explanation. 

A comparison of the length of time the different metals follow 
Faraday's law in furnishing hydrogen brings to light an interesting 
relation between this and their cathode fall when fresh. It is a well-
known fact that aluminium and magnesium possess in all gases 
a lower cathode fall than the rest of the more electronegative 
metals. In several of the foregoing figures is given the cathode fall 
(obtained during another series of experiments) of the fresh metal 
in helium under a current of 0.6 ma. and gas pressure of 2 mm. 
With the difference in cathode fall aluminium and magnesium are 
to be distinguished from the other metals in a more striking man
ner by the freedom with which they continue to give off hydrogen. 
These results suggest that there must be an intimate connection be
tween the cathode fall of the fresh metal and the length of time the 
metal holds up in furnishing hydrogen. Though the quantity of 
hydrogen possessed by such metals as platinum and silver is much 
greater than that possessed by aluminium and magnesium, we find 
the latter give off during a fifteen-minute run about twice as much 
as the former, indicating that the cathode fall must be affected to no 
small extent by the rate with which the hydrogen diffuses through 
the metal. 
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IN HYDROGEN THE ANODE ABSORBS AT THE SAME RATE THE 

CATHODE EVOLVES IT. 

Reference has already been made to the fact that earlier obser
vations with a hydrogen filling show only occasionally a slight in
crease in gas pressure. Thinking it probable that we have in this 
case to do with absorption by the anode neutralizing the evolution 
from the cathode a test was made to see what takes place under a 
longer run than was made in earlier experiments. With the silver 
disk as anode and an aluminium wire, of about half the discharge 
area of the silver, as cathode, a current (2 m.a.) was passed 
through hydrogen at pressure 3.45 mm. and pressure measure

ments made at definite intervals. The observed change is repre
sented by the curve in Fig. 15. During the first three minutes of 
discharge the gas pressure remained practically unchanged, but at 
the end of that time it began to increase at a measurable rate. The 
most natural explanation of these results seems to be that of anode 
absorption. At first the anode absorbs all negative atoms discharg
ing to it. These do not diffuse into the metal as rapidly as they 
are given off by the cathode, therefore the concentration in the 
anode surface increases up to a point where uncharged atoms dif
fuse out again into the gas. Beyond this point the curve would 
therefore represent the difference between the rate of diffusion out 
of the cathode and that into the anode. 

If this be the correct explanation the effect should be magnified 
by taking an anode of much smaller discharge area than the cathode 
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possesses. This experiment w7as tried. The cathode was the disk 
of aluminium used in the experiments described above. For anode 
an aluminium wire sheathed with glass tubing was used giving a 
discharge area something less than one tenth that of the cathode. 
Observations were made in hydrogen as before (current 2 ma., 
gas pressure 3 mm.). The results given in Fig. 16, curve A, sub
stantiate the supposition just expressed. The pressure begins to 
increase before the discharge has continued one minute. The form 
of the curve is that which might be expected as a difference be
tween cathode evolution and anode absorption. Assuming that the 
cathode gives off hydrogen at the same rate here as in helium (rep
resented by curve B) the curve Cy representing anode absorption is 
obtained as the difference between the A and B curves, the anode 
absorption tending to reduce the gas pressure by the amount indi
cated. The general form of this curve appears to be the same as 
that given by cathode evolution in helium. Here the line F repre
sents absorption demanded by Faraday's law. These experiments 
indicate therefore that in hydrogen a fresh anode absorbs gas at a 
rate also determined by Faraday}s law. 

DISCUSSION. 

Some interesting conclusions, drawn from the experimental re
sults recounted on the preceding pages, may be stated briefly. 

With fresh electrodes the hydrogen atom serves in all gases as 
carrier of the electric current from cathode to gas. With a gas 
filling of hydrogen the atom serves also as carrier from the gas to 
the anode — by which it is absorbed. In helium on the other hand 
the hydrogen atom leaving the cathode discharges to the helium 
and this transmits the current to the anode, the negative helium ion 
discharging without being absorbed. 

Most remarkable of all is the fact that, though there is a consid
erable concentration offree positive ions at the cathode surface, they 
do not discharge to the metal so long as it furnishes hydrogen suffi
cient to carry the current. This condition may last several min
utes. Even the positive hydrogen ion does not enter into electri
cal union with the metal, though a negatively charged hydrogen 
atom is readily absorbed by it. 
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The generally accepted view that the negative ion in gases is of 

smaller magnitude than an atom while the positive ion is of molec

ular (or atomic) magnitude evidently does not hold there. W e 

have strong evidence in the above experiments that in hydrogen a 

hydrogen atom carries the current from cathode to the gas, then 

again from the gas to the anode. This being true any other form 

of ionization in the gas between cannot be expected. If now this 

occur with hydrogen we should expect no other than atomic ions 

under the same conditions in other gases. Conduction in other 

gases would however be modified by the fact that the negative 

hydrogen atom freed from the cathode serves as the active ionizing 

agent. This fulfills in all gases except hydrogen the requirement 

that the negative ion be much smaller than the positive ions it pro

duces. Of special interest in this connection are the results recently 

published by Townsend.1 H e finds that the positive hydrogen ion 

possesses an unexpectedly large ionizing power, which seems to 

agree with the views just presented requiring that the only differ

ence between the ionizing power of the negative ions freed from 

metals (negative hydrogen atoms) and positive ions produced in 

hydrogen (positive hydrogen atoms) be that arising from the differ

ence in sign of the charge carried. 

The effect of an electric current and radiations in producing 

chemical combination of gas mixtures receives on this basis a simple 

explanation. The gas molecules are broken up into their constitu

ent atoms and these recombine, forming the new compound. 

Some light also is thrown by these experiments on the problem 

as to why positive gas ions do not discharge to a negative metal but 

instead draw out of the metal the negative hydrogen ions. It 

appears that an intimate association in the atomic form is necessary 

to a transmission of charge from gas to metal. Now hydrogen in 

acids is universally the carrier of positive electricity. In solutions 

of metallic salts the metals carry universally the positive charge. 

Here, however, when we have an electrical union of hydrogen with 

the metals, the hydrogen becomes the carrier of the negative charge. 

The natural union therefore of all gases with metals should be that 

where the metallic atom is positively charged and the gaseous atom 
1 Phil. Mag., December, 1904. 
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negatively charged. If this be reversed — the metal being charged 
with negative electricity and the gas with positive — a union only 
takes place under very great external forces. For as the cathode 
becomes depleted the electric force at the boundary between it and 
the gas is increased greatly. This conclusion is derived from ob
servations made on the cathode fall in nitrogen. About three years 
ago1 the writer observed with a steel cathode in nitrogen that there 
was at first, as usually observed, a strong electric field out in the 
gas between the cathode and the inner boundary of the negative 
glow. After, however, a sufficiently large current was passed for a 
few moments this field dropped to practically zero. At the same 
time, however, the fall of potential between the cathode and the 
negative glow increased, which shows that there must have taken 
place a considerable increase in the electric force at the boundary 
between metal and gas. This change is now recognized as that 
where the hydrogen ceased to be furnished by the cathode as re
quired by Faraday's law. It may be possible that this represents 
the force required to cause the positive ions of the gas to discharge 
to the metal at the rate demanded by the current. It may be that 
such an electrical union is wholly impossible, and cathode rays a 
result. A most interesting experiment in this connection would be 
one to determine what effect, if any, the hydrogen atoms emanating 
from the cathode produce on the intensity of cathode rays. The 
writer hopes to make some experiments bearing on this in the near 
future. 

PHYSICAL LABORATORY, 

UNIVERSITY OF NEBRASKA. 

1 P*Hil. Mag. (6), 2, p. 616, 1901. 


